Three previously unknown high-energy ␥-ray transitions between 4.2 and 5.4 MeV were identified in the T z = −1 / 2 nucleus 51 Fe following the fusion-evaporation reaction 32 S͑ 28 Si, 2␣1n͒ 51 Fe. These transitions represent decays of core excited states. The ␥ rays were detected in the Ge detector array Gammasphere combined with the neutron detector system Neutron Shell and the charged-particle array Microball. The three transitions are related to the mirror transitions in the T z = +1/2 nucleus 51 Mn, and the resulting mirror-energy difference diagram is discussed with predictions from large-scale shell-model calculations. The concept of isospin symmetry in nuclear physics relies on the assumptions that the nuclear force is charge symmetric and charge independent. This implies that the proton and neutron can be described as two different states of the same particle-the nucleon-characterized by the isospin quantum number T z . However, isospin nonconserving components of the nucleon-nucleon interaction, with the Coulomb interaction between the protons being the most important, clearly break the isospin symmetry. The resulting effects can be studied in mirror nuclei, which are pairs of nuclei having the number of protons and neutrons interchanged.
The concept of isospin symmetry in nuclear physics relies on the assumptions that the nuclear force is charge symmetric and charge independent. This implies that the proton and neutron can be described as two different states of the same particle-the nucleon-characterized by the isospin quantum number T z . However, isospin nonconserving components of the nucleon-nucleon interaction, with the Coulomb interaction between the protons being the most important, clearly break the isospin symmetry. The resulting effects can be studied in mirror nuclei, which are pairs of nuclei having the number of protons and neutrons interchanged.
Since the 1f 7/2 shell is relatively isolated in energy, a large fraction of 1f 7/2 configurations in the resulting wave functions of nuclear states of N ϳ Z and A ϳ 50 nuclei can be expected. The effects of isospin-symmetry breaking in these nuclei is thus relatively easy to interpret, because modern large-scale fp shell-model calculations provide high-quality wave functions. Mirror nuclei in the 1f 7/2 shell have been studied in detail during recent years [1] [2] [3] [4] [5] [6] [7] [8] . Accompanying theoretical efforts have been undertaken to explain mirrorenergy difference diagrams of mirror nuclei in detail. Very recently, a description has been suggested, which includes an isospin-symmetry breaking component in the nuclear interaction [9] . However, these studies have so far only focused on states with 1f 7/2 configurations as a leading component in their wave functions. In this work we present results on excited states in the T z = −1 / 2 nucleus 51 Fe, which are built on particle-hole excitations across the shell gaps at particle numbers N = Z = 28. A comparison with the T z = +1/2 mirror partner 51 Mn allows, for the first time, for a mirror symmetry investigation of this class of states.
The present work is based on data from two experiments as described in more detail in e.g., Refs. [10, 11] . Both experiments employed the fusion-evaporation reaction 32 S +
28
Si at 130 MeV beam energy. Enriched 0.5 mg/ cm 2 28 Si targets supported with either ϳ1 mg/cm 2 Ta or Au foils facing the beam were used. The ␥ rays were detected in the Gammasphere array [12, 13] , which comprised 78 Ge detectors with the Heavimet collimators removed. For the detection of light charged particles the 4 CsI-array Microball [14] was used. The Neutron Shell [15] , consisting of 30 liquid-scintillator detectors, replaced the five most forward rings of Gammasphere to enable the detection of evaporated neutrons. This allows for the study of weak reaction channels at and beyond the N = Z line.
The reaction leads to the A = 51 mirror nuclei 51 Fe and 51 Mn following the evaporation of two ␣ particles and one neutron, and two ␣ particles and one proton, respectively. The relative experimental fusion-evaporation cross section of 51 Mn amounts to ϳ18%, while the relative cross section of 51 Fe is only ϳ0.07%.
The ␥-ray events were selected by appropriate conditions on the number of and kind of evaporated particles and incremented into various E ␥ projections and E ␥ -E ␥ matrices. To improve the ␥-ray energy resolution an event-by-event kine-matic reconstruction method was used to reduce the effect of the Doppler broadening caused by the evaporated particles.
To separate events where the T z = −1 / 2 nucleus
51
Fe was populated at relatively high angular momenta and excitation energies, additional restrictions were applied on the sum of the two ␣-particle energies and the total detected ␥-ray fold. Only events in 51 Fe having summed ␣-particle energies less than 27 MeV and with a detected total ␥-ray fold higher than five were considered, which is a comprimise between statistics and a low background level.
Multipolarity assignments of transitions are based on ratios of yields R 141−97 , which is the ratio of ␥-ray intensities measured at the backward section of the Gammasphere (average angle = 141°with respect to the beam axis) versus the central section of the Gammasphere ͑ = 97°͒ [16] . Table I shows R 141−97 together with level energies, ␥-ray transition energies, relative ␥-ray intensities, and spins and parities of initial and final states for the core excited states in the A = 51 mirror nuclei. Mn (cf. Ref [11] and references therein). The corresponding transitions are included in Fig. 2 (b), which shows the relevant part of the 51 Mn level scheme [11] . The inset of Fig. 1(a) focuses on the high-energy portion of the spectrum. Several transitions (and associated single-escape peaks) are clearly seen at 4336, 4606, 5010, 5258, and 5617 keV. They represent previously known high-energy transitions connecting core excited 29/ 2 − and 31/ 2 − states to the yrast 27/ 2 − state in 51 Mn at 7176 keV excitation energy [11] .
Figures 1(b)-1(d) show spectra deduced from a ␥␥ matrix in coincidence with two ␣ particles and one neutron. In addition, the above-mentioned restrictions on the sum ␣-particle energy and total ␥-ray fold are applied. The sum spectrum in Fig. 1(b) is in coincidence with several strong transitions in 51 Fe below the yrast 27/ 2 − state at 7269 keV. These are seen in Fig. 2(a) , which shows the level scheme of 51 Fe deduced from previous work [3, 4] and the present study. Mn, respectively. This allows for the tentative assignments J = ͑29/ 2 − ͒, ͑29/ 2 − ͒, and ͑31/ 2 − ͒ for the states at 11468, 11712, and 12650 keV in 51 Fe, respectively, as the spins and parities of the corresponding states in 51 Mn are well established [11] . Moreover, despite the low statistics a multipolarity assignment for the 4199 keV transition can be made. The R 141−97 value of 0.4(2) indicates a mixed E2/ M1 transition with a significantly large and positive mixing ratio, ␦͑E2/ M1͒ [11] , which establishes the spin assignment suggested previously from mirror symmetry arguments. For the 4443 and 5381 keV transitions meaningful measurements of R 141−97 were not possible due to insufficient statistics.
The observed ␥ rays together with the core excited states in 51 Fe are included in Fig. 2(a) . Comparing this level scheme with the well known level scheme for 51 Mn displayed in Fig. 2(b) , a mirror-energy difference (MED) diagram can be derived and the latter is shown in Fig. 2(c) . The open squares up to spin J = 27/ 2 represent previously known experimental data [3, 4] , whereas the data points for J = 29/ 2 and J = 31/ 2 denote the new information arising from the yrast core excited states. The MED decreases rapidly from the fully aligned J = 27/ 2 states, which are based on a single 1f 7/2 configuration ͑ϳ70%͒, to the core excited states.
To interpret the experimental MED diagram large-scale shell-model calculations were performed using the shellmodel code ANTOINE [17, 18] . The calculations were performed using the KB3G with Coulomb interaction [19] in the full fp space containing the 1f 7/2 orbit below and the 2p 3/2 , , and 2p 1/2 orbits above the N = Z = 28 shell closures. The configuration space was truncated, i.e., five particle excitations from the 1f 7/2 shell to the upper fp shell were allowed. This was found to provide virtually identical results compared to calculations in the fp space without truncations on yrast states in 1f 7/2 nuclei [19] . To account for the Coulomb interaction the proton two-body matrix elements were constructed by adding harmonic oscillator Coulomb matrix elements to the plain two-body matrix elements of the KB3G interaction. Two sets of single-particle energies were used in the calculations: (i) equivalent single-particle energies for neutrons and protons with values 0.0, 2.0, 4.0, and 6.5 MeV for the 1f 7/2 , 2p 3/2 , 2p 1/2 , and 1f 5/2 orbits, respectively and (ii) different neutron (0.0, 2.0, 4.0, and 6.5 MeV) and proton (0.0, 1.8, 3.8, and 6.5 MeV) single-particle energies. In the calculations bare g factors and effective charges of 1.5e for protons and 0.5e for neutrons were used. Experimental ␥-ray energies and calculated transitions matrix elements were used to derive mixing ratios of transitions. The calculations of MED values follow a procedure suggested and dicussed in detail in Ref [9] . In that work the MED is expanded in a monopole Coulomb (Cm), a multipole Coulomb (CM), and an isospin breaking nuclear interaction component (B) according to
In the expression above ⌬͗V͘ J should be interpreted as a difference in expectation values of V between the T z =−1/2 partner and T z = +1/2 partner at angular momentum J. The V Cm term is essentially the stored Coulomb energy. Following the arguments in Ref. [9] , V Cm depends on differences in proton plus neutron 2p 3/2 occupation numbers. V CM is accounted for by using the harmonic oscillator Coulomb matrix elements (CME) and V B is taken into account by adding 100 keV to the J =2 1f 7/2 CME, corresponding to the discrepancy between the observed J = 2 MED value in the A = 42 mirror nuclei and the normalized J = 2 CME. The effect of V CM and V B following the calculations are thus resulting from diagonalization rather than perturbation as indicated in Eq. (1). However, it can be shown that the two approaches give more or less identical results. Using equivalent single-particle energies for neutrons and protons the results shown in Table I are labeled MED th1 and included in Fig. 2(c) as filled circles.
The J = 29/ 2 and J = 31/ 2 MED values were also interpreted using a slightly different approach. The V Cm term as described above is disregarded and instead different singleparticle energies for protons and neutrons, deduced from the single-particle spectra of the A = 41 mirror nuclei 41 Ca and 41 Sc, are used. This also represents a monopole Coulomb effect, but which instead is proportional to differences in proton minus neutron 2p 3/2 occupation numbers. Since the yrast core-excited states are of single-particle nature [11] the motivation for using different single-particle energies in the calculation is obvious. The results are labeled MED th2 in the table and correspond to the filled diamonds in Fig 2(c) .
The two calculations give rather similar results, but the overall agreement with experiment is not perfect for either of them. While the agreement for the J = 31/ 2 states is good in the latter calculation, the first calculation does somewhat better for the yrast J = 29/ 2 states. Thus, although the monopole Coulomb part seems to be decisive for explaining the observed MED values, it is not clear which of the two approaches (or a combination of them) should be used.
The mixing ratios, ␦͑E2/ M1͒, were also calculated for the high-energy dipole transitions depopulating the core excited states (see Table I ). For comparison the experimental mixing ratios, when available, are also given. − transition. The change of signs in mixing ratios in the mirror pair is due to a change of signs in the reduced M1 transition probabilities and reflects the single-particle character of these transitions.
In summary three previously unknown core excited states were found in the T z = −1 / 2 nucleus 51 Fe. The states decay through high-energy transitions to the yrast 27/ 2 − state. A comparison with the T z = +1/2 mirror partner 51 Mn reveals negative MED values for these states. The trend is reproduced by large-scale shell-model calculations. However, for a detailed discussion more experimental cases are necessary.
